The rise of ants to ecological dominance is one of the major events to have shaped present-day terrestrial ecosystems [8] . Concomitant with their ascent has been the evolution of elaborate symbioses with diverse organisms. Beneficial mutualisms with fungi [9] and trophobiont hemipterans [10] helped propel ant success; in contrast, by virtue of their resource-rich colonies, ants have also succumbed to rampant exploitation, by a menagerie of socially parasitic myrmecophiles [1, 8] . Approximately 10,000 species of invertebrates in 100 families target ant colonies [1, 8, 11] , employing often-dramatic morphological and behavioral devices for host deception and social integration [2, 3] . The intricate nature of these relationships and the high diversity of several groups of obligate myrmecophiles, including lycaenid butterflies [12] , paussine ground beetles [13] , and multiple lineages of rove beetles (Staphylinidae) [1] and clown beetles (Histeridae) [14] , imply that myrmecophily is an evolutionarily ancient phenomenon. However, when during ant evolution this pervasive aspect of ant ecology arose is unclear. Myrmecophiles, although taxonomically diverse, are usually hard to find in nature, and their fossil record is correspondingly poor.
Despite appearing by at least the mid-Cretaceous, w100 mega-annum (Ma) ago [15] [16] [17] [18] , ants were rare until the Early to Middle Eocene (56-41 Ma), when both their frequency and taxonomic diversity in fossil arthropod assemblages begin to increase markedly [15, 16, 19, 20] . Early Eocene amber, from Cambay, India, at w52 Ma old, provides a window into an ancient rainforest ecosystem at a time when ants were commencing the transition to ecological dominance [6] . The discovery of a transitional fossil clavigerite beetle (Staphylinidae: Pselaphinae; Figure 1 ) in the Cambay paleofauna sheds crucial light on the time frame of myrmecophile evolution relative to ant ascendancy, to produce one of the largest extant radiations of socially integrated, obligate colony parasites. The generic name is a combination of the Greek prώto2 (pró tos), meaning ''first,'' and Claviger Preyssler, the type genus of Clavigeritae. ''Claviger'' means ''club-bearer.'' The specific epithet is a combination of the Greek trἱca2 (tríchas), meaning ''hair,'' and the Latin ''dens,'' meaning ''prong,'' on account of the hook-like shape of the beetle's trichomes.
Systematic Paleontology

Protoclaviger and the Evolution of Myrmecophilous Clavigeritae
The rove beetle subfamily Pselaphinae is exceptionally species rich (9,766 described species), with multiple lineages of myrmecophilous taxa [21, 22] . Most notable is the supertribe Clavigeritae-perhaps the single largest clade of obligate myrmecophiles known, with 369 described species in 107 genera and several times this number awaiting description. Clavigeritae are morphologically bizarre, socially integrated into ant colonies, and represent the phenotypic extreme in the spectrum of myrmecophily. Clavigerite beetles are treated as ant nestmates and are entirely dependent on their hosts [21] ; they are fed by worker ants via stomodeal trophallaxis (mouth-to-mouth liquid feeding; Movie S1) and are transported in worker mandibles (Movie S2) and deposited in colony brood galleries [23] , where they feed on ant eggs and cuticular secretions from ant larvae [21] . The beetles show numerous adaptive characters for obligate myrmecophily. Wick-like brushes of long hairs (trichomes) at the base of the abdomen exude compounds conducted from large secretory Wasmann glands [24, 25] . Worker ants find these compounds attractive and lick the beetle's trichomes (Figure 2 ; Movie S3), which elicits appeasement, or trophallaxis from ant to beetle [4, 5, 26] . Hundreds of smaller glands decorate the integument, covering it with a glistening secretion that workers also find appealing [24, 25] . Small mouthparts with barely serrated, nonpredatory mandibles are recessed inside the buccal cavity to facilitate trophallaxis [4] . Fusion of abdominal and antennal segments reinforces the beetle for vigorous handling in worker mandibles and provides more surface area for gland openings to form [5] and for their secretions to spread. The beetles also employ curious behaviors, mounting and riding ants around the nest [26, 27] and twirling their antennae at passing workers [27] . In possibly the most extreme cases of obligate myrmecophily known, some Clavigeritae are completely eyeless and wingless and may disperse phoretically on queen ants during the nuptial flight [4, 26] .
Protoclaviger exhibits many synapomorphies with Recent Clavigeritae, including derived aspects of antennal ( Figures  1D and 1E ), tarsal ( Figure 1H ), and mouthpart morphology ( Figure 3A) , as well as trichomes on abdominal paratergites ( Figure 1F ) and a similar overall habitus (see Supplemental Discussion section ''Systematic and functional morphology of Protoclaviger''). Remarkably, however, the new taxon also lacks some defining features of Clavigeritae, indicating it may be a stem-group, transitional form between ancestral Pselaphinae and Recent Clavigeritae. Most notably, Protoclaviger has distinct abdominal tergites ( Figure 1G ), which in all Recent Clavigeritae are fused together into a single composite segment (the ''tergal plate''; Figure S1D ). Protoclaviger also shows an intermediate degree of antennomere reduction: it has eight antennal segments ( Figure 1D ), instead of the three to six segments of Recent Clavigeritae ( Figure S1C ), down from an ancestral pselaphine state of eleven segments. The maxillary palpi, although small and reduced to a single segment as in Recent Clavigeritae, are more prominent and visible outside the buccal cavity in Protoclaviger (Figures 3A and 3B). Apparent abdominal flexibility due to extensive intersegmental membrane between sternites ( Figure 1A ; reduced or absent in Recent taxa, Figure S1F ) also separates Protoclaviger from extant clavigerites.
Consistent with our stem-group hypothesis, cladistic analysis of Protoclaviger and the three Recent tribes of Clavigeritae (Clavigerini, Tiracerini, and Colilodionini) as well as likely sister taxa of Clavigeritae and additional pselaphine outgroups places Protoclaviger as sister to Recent Clavigeritae ( Figure 3C ). Importantly, Protoclaviger shares morphological characters with crown-group Clavigeritae that are involved in myrmecophily, including abdominal trichomes ( Figure 1F ), reduced mouthparts ( Figure 3A) , densely setiferous excavate antennal apices ( Figure 1E ), and partial antennomere fusion ( Figure 1D ). On these bases, it can be confidently inferred that Protoclaviger was also a myrmecophile. It is to our knowledge the oldest such animal thus far described (see Supplemental Discussion section ''The myrmecophile fossil record''). Its age and phylogenetic position provide key information about the evolution of the myrmecophilous lifestyle.
Ants represent as much as 15%-20% of total animal biomass in contemporary ecosystems [28] , outnumbering other insects severalfold [8] . In Dominican amber, 15-20 Ma old, they are similarly abundant, representing up to 36% of all insect fossils [16, 19] . In contrast, ants represent only 6% of the total arthropod fauna in the Early Eocene Cambay amber deposit in which Protoclaviger was found [6] -a percentage similar to that of contemporaneous amber deposits from Oise, France [19] and Fushun, China [29] . In older, pre-Eocene deposits, ants are rarer still, typically representing less than 1% of insects and generally belonging to stem groups, with modern subfamilies exceedingly scarce or wholly absent [6, 15, 16, 19, 30] . The Early Eocene was thus a decisive time, as modern ants became more conspicuous and began their ascent to contemporary ecological dominance [15, 16, 19, 20] . Protoclaviger, with its suite of myrmecophilous adaptations, reveals that clavigerite beetles were already engaged in intimate associations with host ants by the Early Eocene and, given the highly specialized morphology of Protoclaviger, at least into the Paleocene. We thus infer that social parasitism by colony-exploiting arthropods is as old as the earliest definitive crown-group fossils of modern ant subfamilies [15, 16, 19, 20, 31] . Even more significantly, myrmecophily greatly predates ants' ecological rise to global prominence [6, 15, 16, 19, 20] . At a time when ants were seemingly scarce and minor components of arthropod communities, their colonies were already targeted by dedicated nest intruders like Protoclaviger that employed sophisticated means of social integration to gain access to and sustain a presence inside nests. Although ant groups that form large colonies first appear definitively in the Middle Eocene [19] , ant colonies were evidently sufficiently resource rich to support myrmecophily before this time. Protoclaviger indicates that by the Early Eocene, ants were approaching a modern repertoire of ecological interactions.
The presence of myrmecophilous stem-group Clavigeritae at the ecological dawn of modern ants provides a possible explanation for the great diversity of Recent Clavigeritae. A period of coevolution with hosts prior to the Eocene may have primed these beetles to diversify from the Eocene onward, as ants became increasingly ubiquitous and thus provided a rapidly expanding number of host niches for clavigerite speciation. To test this scenario, we obtained specimens of a diverse range of Clavigeritae for molecular phylogenetic analysis in order to calibrate the time frame of clavigerite diversification. Relationships within Clavigeritae are in disarray, with no phylogenetic studies having been performed to date in part because of the extreme rarity of most of these beetles. We managed to obtain w25% of known genera (and several undescribed ones) from two out of three tribes and 80% of subtribes, representing a broad and unbiased taxonomic, Table S1 ). Bootstrap percentages from 10,000 replicates are indicated above branches; nodes scoring <50% have been collapsed. morphological, and biogeographic range of the supertribe, sufficient for approximating the group's higher-level diversity and cladogenesis. Outgroup taxa from the remaining five Pselaphinae supertribes and the putative sister tribes of Clavigeritae, Pselaphini, and Arhytodini were included (see Table S2 for taxon list and Supplemental Experimental Procedures for taxon choice). We sequenced five loci (18s, 28s, and 16s rRNA, cytochrome oxidase I, and wingless) giving a total of w4.5 kb and performed partitioned Bayesian analysis on the final alignment using MrBayes [32] . The topology produced by this analysis (Figures 4A and S2 ) yielded a maximally supported, monophyletic Clavigeritae, sister to the tribes Pselaphini and Arhytodini. Within Clavigeritae, the monogeneric Tiracerini emerge as sister to the largest tribe Clavigerini, in which taxa from Madagascar-where the group has undergone an unprecedented level of diversification into 29 endemic genera-form a clade. So too does the polymorphic and speciose Neotropical genus Fustiger. The blind Nearctic Adranes and Palearctic Claviger are not sister taxa, indicating that eye loss has evolved convergently in Clavigeritae. Notably, Indomalayan and Australasian taxa form a backbone to the tree, consistent with our discovery of stem-group Clavigeritae on the Indian subcontinent. This region may be the group's biogeographic center of origin, from where lineages have spread globally.
We dated the diversification of Clavigeritae using a Bayesian lognormal relaxed-clock approach in BEAST [33] , calibrating nodes with fossil Pselaphinae in mid-Cretaceous Burmese, Early Eocene Indian, mid-Eocene Baltic, and Miocene Dominican ambers ( Figure S3 ; Supplemental Experimental Procedures). Fossil ages were used to define hard minimum bounds on lognormal distribution priors for each dated node. Our inferences are based on an analysis using the most conservative dating priors and fossil placements (Analysis #1; see Supplemental Experimental Procedures). However, we explored the effects of varying the stringency of our soft maximum bounds ( Figures S4A and S4G ) as well as removing or changing the placement of key fossils ( Figures  S4D, S4E, S4G , and S4H) and found that such analyses did not substantially alter our results or the conclusions that can be drawn from them (see Supplemental Discussion section ''Phylogenetics and diversification of Clavigeritae''). We also tested whether our prior constraints or molecular data were forcing our results ( Figures S4B, S4C, S4F , and S4G) and found this not to be the case.
Based on our analyses, we estimate that stem-group Clavigeritae arose w73 Ma ago in the Late Cretaceous, when the taxon broke away from its sister tribes Arhytodini and Pselaphini following a common root extending deep into the Early Cretaceous (Figures 4A and S4G) . A relatively short period of stem evolution (w11 Ma) subsequently followed, during which the group progressed through transitional forms resembling Protoclaviger. Although Clavigeritae no doubt evolved into highly socially integrated, morphologically specialized myrmecophiles during this brief stem period, a weak association with ants possibly predates the group as a whole. A less intimate form of myrmecophily may also exist in the sister tribes Arhytodini [34] and some Pselaphini [22] , which may push back the origin of this lifestyle further still. Nevertheless, it is during the w11 Ma stem period that we infer Clavigeritae underwent a rapid and dramatic redesigning of external morphology, combined with significant behavioral modifications that adapted these beetles for social integration inside host colonies. Protoclaviger captures this transformation midway and reveals that the appearance of trichomes ( Figures 1F, S1D , and S1E), the reduction of maxillary palpomere number and size ( Figures  3A, 3B , and S1B), and some degree of antennomere consolidation ( Figures 1D and S1C ) had occurred before the fusion of the abdominal tergites ( Figures 1G and S1D ) and the complete withdrawal of mouthparts inside the buccal cavity ( Figures 3A,  3B , and S1B).
Importantly, our analysis indicates that crown-group Clavigeritae began to radiate without any apparent lag, starting from the Late Paleocene/Early Eocene until approaching the present day ( Figures 4A and 4B ). This radiation correlates strikingly with the emerging ubiquity of their hosts, as inferred from the increasing frequency of ants in different fossil deposits from the Eocene onward ( Figure 4B ). We propose that this relationship is causal, because the rising abundance of ant colonies equated with a proliferation of niches for Clavigeritae and thus likely acted as a catalyst for the group's cladogenesis. Rather than arising late during their hosts' ascent and spreading into already plentiful niches, Clavigeritae were present at the beginning. Their diversification appears to have been based on an accrual of lineages contingent on their hosts' increasing profusion in terrestrial ecosystems. Note that clavigerite diversification may correlate less well with ant taxonomic diversification, since molecular dating implies that ants radiated into many modern subfamilies in the Upper Cretaceous [17, 18, 35] while they were seemingly still rare insects [15, 16, 19, 20, 31] . Rather, it is the massive niche expansion resulting from the ecological explosion of these already somewhat diverse ant subfamilies, much later in the Eocene and onward, that we posit drove clavigerite cladogenesis. In this way, the success of Clavigeritae parallels that of other arthropod groups posited to have codiversified with an expanding host niche, such as radiations of chrysomelid beetles [36] , neococcoid scale insects [37] , and aphids [38] driven by the ecological rise of their angiosperm food plants in the Cretaceous.
As Clavigeritae radiated, we think it unlikely that the beetles speciated in strict cocladogenesis with their hosts. The relationship between beetle and host ant is obligate and highly intimate, but where known, Clavigeritae exhibit a degree of host promiscuity at both genus and species levels. Individual species of Claviger [26] , Diartiger [39] , and Adranes [27] can be found with three or four host species (though typically of the same or closely related ant genera), while congeners can associate with ants belonging to widely different genera and even different subfamilies (the large Australasian genus Tiracerus utilizes hosts belonging to all of the ''big four'' ant subfamilies: Formicinae, Myrmicinae, Ponerinae, and Dolichoderinae [22] ). Furthermore, Clavigeritae have been documented to survive experimental relocation from their host ant colony to the nest of another, nonhost species [26] . We suggest this aptitude for exploitation of diverse ant species may have facilitated the group's radiation, with speciation ensuing as taxa opportunistically switched to novel, suitable hosts. Diversification of Clavigeritae thus contrasts with that of highly host-specific ant endo-and ectoparasitoids (such as phorid flies and eucharitid wasps), which likely involved significant host-parasitoid cospeciation [40] . Today, an astonishing range of morphological variation has arisen across the group (Figure 4A) , most likely in response to divergent selection pressures from different host ant species. Their distribution has also tracked that of their hosts: Recent Clavigeritae occur in tropical and temperate regions throughout the world but reach peak diversity in ant-rich rain forests, whereas the taxon is conspicuously absent from New Zealand [41] , a country with only eleven native ant species [42] .
Together, our fossil and phylogenetic evidence support an explanation for Clavigeritae's recent diversity: pre-Eocene coevolution of the stem lineage with ants, poising the group to radiate as their hosts proliferated. We suspect that the success of other speciose groups of myrmecophiles may be explained by similar diversification logic. The rise of modern ants was a major biotic event with profound consequences for other terrestrial life forms. Its seemingly rapid onset coincided with the Paleocene-Eocene thermal maximum [16, 20] , when global temperatures rose 5 C-8 C, leading to a poleward expansion of tropical habitats [43] . Although the contemporary dominance of ants may have been climatically triggered, the inferred Early Eocene origin for fungal agriculture [44] and tentative evidence of trophobiosis dating to the Middle Eocene [45] indicate that mutualisms augmented ants' ecological success from early on. Our time frame for the evolution of Clavigeritae reveals that, counter to these advantageous interactions, a parallel escalation of socially parasitic myrmecophiles has hitchhiked on the success of modern ants.
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